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Abstract 
TGA studies of lignite have been carried out. Lignite sample from Gujarat, India have been non-isothermally pyrolyzed using 
thermogravimetric analyzer and kinetics of decomposition of lignite was studied by non-isothermal method. The sample was heated over 
a range of temperature from room temperature to 1000 °C with seven different heating rates of 5, 7, 10, 15, 20, 30, 50 °C min-1 and non-
isothermal weight loss was recorded for all heating rates. The weight loss curve showed that pyrolysis of lignite took place mainly in the 
range of 200-500 °C. Two non-isothermal methods, namely the direct Arrhenius plot method and the integral method were applied for 
determination of kinetic parameters-activation energy (Ea) and frequency factor (A). The activation energy obtained by the direct 
Arrhenius plot method ranged between 60 kJ/mol to 92 kJ/mol. While the result obtained by integral method shows lesser value of 
activation energy (28 kJ/mol to 50 kJ/mol). 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of Technology Nirma 
University, Ahmedabad. 
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Nomenclature 
TGA thermogravimetry 
DTG differential thermogravimetry 
Ea activation energy (kJ mol-1) 
A frequency factor (sec.-1) 
R gas constant (kJ mo-1 K-1) 
T temperature (°C) 
R2  correlation coefficient 
mi initial mass (mg) 
mt mass at temperature T (mg) 
mf final mass (mg) 
k reaction rate constant 
Greek symbols 
 conversion  
heating rate (°C min-1) 
Subscripts 
n  reaction order 
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1. Introduction 
India is the country having a plenty amount of lignite reserves (41 billion tonnes) [1]. In Gujarat, the total proven 
recoverable reserve of lignite is around 1.24 billion tonnes [1] and total estimated reserve is 2.72 billion tonnes [1]. Total 
reserve of coal in India, is expected to play an important role in imported oil substitution during the next decade. The kinetic 
study of lignite is of special importance, constituting the initial step of the combustion, liquefaction and gasification process. 
Knowledge of kinetics of their thermal decomposition can be useful for designing gasification and pyrolysis reactor and also 
useful in mathematical modeling of the reactor for optimizing process conditions. The little work has been carried out, so 
far, in the area of lignite pyrolysis kinetics. Therefore, this study was initiated to fill this important gap. 
Thermogravimetric Analysis (TGA) is a simple analytical technique that measures the weight loss (or weight gain) of a 
material as a function of temperature and used for the determination of kinetic parameters of carbonaceous materials [2-3]. 
So, this technique has been widely used to study the behavior of coal during pyrolysis at various heating rates. TGA of 
carbonaceous materials may be carried out in isothermal or non-isothermal conditions; the latter method offers certain 
advantages [4, 5, 6] like shorter experimental time, less experimental data are required, the kinetics can be probed over 
entire temperature range in a continuous manner and eliminates the errors caused by the thermal induction period. So, most 
of the researchers have adopted a non-isothermal technique to study the decomposition kinetics of coal. 
The present work is focused on the investigation of kinetics of Indian lignite pyrolysis using a TGA apparatus under non-
isothermal conditions. The obtained data were analyzed to determine the kinetic parameters for non-isothermal condition 
using two non-isothermal models: The direct Arrhenius plot method and the integral method. 
2. Experimental 
2.1. Sample 
The lignite samples used in the present study originated from the Gujarat state, India. The proximate analysis of lignite 
sample is given in Table 1. In order to avoid the heat transfer and mass transfer effects in lignite particles on the kinetics 
parameters, the lump coal sample was ground and sieved to the size of less than 150 meshes. The samples were used 
without further treatment. 
 
        Table 1. Proximate analysis of lignite 
  
 Moisture 
content (%) 
 
Ash content 
(%) 
Volatile  
matter (%) 
Fixed  
carbon (%) 
Calorific value 
(kJ/kg) 
Lignite 19.48 8.07 34.23 38.22 17799 
 
2.2. Apparatus and procedures  
Thermal analysis studies were carried out in SIEKO 32 simultaneous thermal analyzer in alumina crucible. Alpha 
alumina was used as reference sample in DT/TG/DTG and experiments were conducted in air in temperature range of room 
temperature to 1000 °C with heating rate of 5 °C/min, 7 °C/min, 10 °C/min, 15 °C/min, 20 °C/min, 30 °C/min and 
50 °C/min. Around 8-9 mg of sample was used in each run. Weight loss data versus time or temperature were taken under 
non-isothermal condition. 
The phase or chemical analysis of sample (Lignite) and final product (after thermal studies) was carried out by SEM EDS 
techniques using JEOL 5610LV SEM machine. 
3. Result and Discussion 
The typical results of TG curves at various heating rates have been shown in figure 1. Total weight loss of the lignite is 
about 60% and decomposition of lignite is observed when temperature increases to 900 °C. Although increasing the heating 
rate in the range of 5-50 °C/min for final temperature of 950 °C did not affect the asymptotic yield. Maximum weight loss 
occurred between 200 and 500 °C.  Weight loss in the lower temperature region, from ambient up to approximately 200 °C, 
has been attributed to loss of moisture and decomposition of minerals. The sample weight as a function of temperature 
shows slight difference when the heating rate was varied between 5 and 50 °C/min. There is a shift in the weight loss data to 
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higher temperatures as the heating rate increases, because the rate of heat transfer at various heating rates is different. The
data on the relationship between conversion and temperature can be obtained by using Eq. (1). The graph is plotted for 
conversion vs. temperature for various heating rates and is shown in figure 2. A conversion value at particular temperature 
can be obtained from figure 2 for all heating rates. As the temperature increases, the conversion of lignite also increases, 
because the processes of lignite pyrolysis are continuous and irreversible.
Figure 1. Weight loss of lignite at various heating rates
Figure 2. Conversion vs. Temperature at different heating rates
Kinetic theory/Mathematical model/Calculation
Conversion
t
i f
m mi
m m
(1)
Where mi = Initial mass of the sample
           mt = Sample mass at temperature T
mf = Final mass of the sample
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The kinetics of reactions in solid-state are described by the following equation [7, 8] 
( )d kf
dt
            (2) 
Whe ( )f is a function, the type of which depends on the reaction mechanism, k , the 
temperature dependent rate constant, usually described by Arrhenius equation as 
 exp - aEk A
RT
           (3) 
Where A is pre-exponential or frequency factor. aE is the activation energy and R is the universal gas constant and T  is 
the absolute temperature. Inserting equation (3) in equation (2) gives  
 exp - ( )ad EA f
dt RT
          (4) 
According to the uniform kinetics of reaction, ( )f can be defined as  
( ) (1 )nf            (5) 
Where n is the reaction order. Substituting expression (5) into equation (4) gives the expression of reaction rate in the form 
 exp - (1 )a nd EA
dt RT
          (6) 
In non-isothermal TGA experiments the heating rate is varied as a function of time 
 d d dt
dT dt dT
           (7) 
For non-isothermal measurements with a linear heating rate
dT
dt
, the Equation (7) can be written as 
1d d
dT dt
            (8) 
Hence equation (8) can be written as  
exp - (1 )a nd A E
dT RT
          (9) 
This equation expresses the fraction of material consumed in the given time. In this work the activation energy was obtained 
from non-isothermal TGA. The methods used to calculate kinetic parameters, activation energy and frequency factor are 
Integral (coats and redfern) [9] and direct Arrhenius plot. They are non-isothermal methods and they require a set of 
experimental values at different heating rates. 
 
Direct Arrhenius plot method 
Taking the logarithm of both sides of Equation (9) the following equation is obtained 
1ln ln
1
a
n
d A E
dT RT
         (10) 
Setting Y 1ln
1 n
d
dT
 and 
1X
T
 
In order to determine the correct reaction order, A various value of n (n = 0.5, 1, 1.5, 2) was taken and a plot of Y vs. X is 
obtained. Figure 3 shows the result. It is cleared from the figure 3 that decomposition of lignite in terms of first-order 
reaction appears to be a suitable assumption since the value of n =1 offers the best-fit regression line. Figure 4 show the 
result of a plot of Y vs. X for the reaction order n=1, corresponds to a straight line with a slop of /aE R , which can be 
used to evaluate the activation energy. The frequency factor can be determined from the intercept of ln /A . Table 2 
presents the calculated kinetic parameters of pyrolysis of lignite samples in relation to heating rate. 
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Figure 3. Y-X curves at different values of n.
Figure 4. Direct Arrhenius plot method for different heating rates
Table 2. Ea and A of lignite at different heating rates (n = 1)
Sample Heating Rate
°C min-1
Ea
kJ.mol-1
A
sec.-1
R2
Lignite 5 92.057037 100719.36 0.9799
7 91.084252 111031.09 0.9906
10 76.197319 4990.24 0.9966
15 74.970113 3393.46 0.9887
20 76.528232 5248.97 0.9464
30 65.347027 638.20 0.9498
50 60.353398 258.00 0.9483
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Coats and Redfern Method (Integral Method)
The graphical method developed by Coats and Redfern [9] was used to evaluate kinetic data from thermogravimetric curves.
The following equations [10] are used for analysis
1
2
1 1
ln ln 1
1
n
aAR RT E2
T n E E RTa a
(For n = 0.5, 1.5, 2) (11)
2
ln 1
ln ln 1 a
a a
AR RT E2
T E E RT
(For n = 1) (12)
The term 2 / aE <<1 can be omitted. With this simplification, the equation (11) and equation (12) changes into (13 and 
14).
1
2
1 1
ln ln
1
n
aAR E
T n E RTa
                                                     (For n = 0.5, 1.5, 2) (13)
2
ln 1
ln ln a
a
AR E
T E RT
(For n = 1) (14)
Setting 
Y
1
2
1 1
ln
1
n
T n
(For n = 0.5, 1.5 and 2) and 
1X
T
(15)
Y 2
ln 1
ln
T
(For n=1) and 
1X
T
(16)
A plot of Y vs. X at different order of reaction (n = 0.5, 1, 1.5, 2) will give a straight line for the correct value of n.
Figure 5 shows the result. The value n = 1 offers the best regression line. So decomposition of lignite is the first-order 
reaction. Figure 6 shows the plots for the integral method at various heating rates. An activation energy and frequency factor 
can be determined from the slop and intercept of line respectively. The calculated activation energy and frequency factor for
different heating rates are shown in Table 3.
Figure 5. Y-X curves at different values of n.
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Figure 6. Integral method for different heating rates
Table 3. Ea and A of lignite at different heating rates (n=1)
Sample Heating Rate
°C min-1
Ea
kJ.mol-1
A
sec-1
R2
Lignite 5 50.627213 2.38 0.9921
7 55.2824456 1.40 0.9911
10 49.3318295 8.23 0.9695
15 37.9677076 163.36 0.9534
20 39.3079889 179.37 0.9939
30 31.9872836 1252.69 0.9985
50 28.227388 5564.03 0.9967
From the data in Table 2 and Table 3, it was found that the value of activation energy decreases little with increasing 
heating rate in the case of both methods. However, the value calculated by the direct Arrhenius plot method is higher than
that calculated by the integral method. Variations in values of both activation energies and frequency factors and the related
compensation effect are attributed to variations in thermal lag at different heating rates [11]. The error in the integral method 
results from the approximate integration.
Some other researchers have found that activation energy values are influenced by numerous factors, such as temperature 
interval of pyrolysis, method of mathematical analysis, pyrolysis techniques, and others. So the literature offers a wide
range of value of activation energy. Besides, lignite is a matter of complex heterogeneous nature; hence, it would be 
difficult to achieve same experimental results, even for nominally the same sample. Therefore, the same experimental
technique, including sample preparation procedure, analysis method adopted, and the kinetic model for the analysis, should 
be employed in order to enable a reasonable comparison.
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4. Conclusions 
The result provided here show that thermogravimetric analysis which provides useful information on the thermal 
decomposition characteristics of lignite under different heating rates. The kinetic parameters have been evaluated for 
different heating rates by using direct Arrhenius plot method and integral method. Among the two non-isothermal analysis 
models, the activation energy obtained by direct Arrhenius plot method is more reliable and comparable with literature 
value [12, 13, 14]. The activation energy obtained by integral method is lower due to approximate integration. The kinetic 
study of lignite carried out in present study is important and useful in design of modern pyrolysis reactor and gasifier. 
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